Abstract. The microstructure and texture of rolled and annealed dual-phase steels with 0.147 wt. % C, 1.868 wt. % Mn, and 0.403 wt. % Si were analyzed using SEM, EDX, and EBSD. Hot rolled sheets showed a ferritic-pearlitic microstructure with a pearlite volume fraction of about 40 % and ferrite grain size of about 6 µm. Ferrite and pearlite were heterogeneously distributed at the surface and distributed in bands at the center of the sheets. The hot rolled sheets revealed a throughthickness texture inhomogeneity with a plane-strain texture with strong α-fiber and γ-fiber at the center and a shear texture at the surface. After cold rolling, the ferrite grains showed elongated morphology and larger orientation gradients, the period of the ferrite-pearlite band structure at the center of the sheets was decreased, and the plane-strain texture components were strengthened in the entire sheet. Recrystallization, phase transformation, and the competition of both processes were of particular interest with respect to the annealing experiments. For this purpose, various annealing techniques were applied, i.e., annealing in salt bath, conductive annealing, and industrial hot-dip coating. The sheets were annealed in the ferritic, intercritical, and austenitic temperature regimes in a wide annealing time range including variation of heating and cooling rates.
applied during the second annealing step. In a first systematic annealing series, the sheets were conductively annealed using a coarse temperature-time schedule at fixed heating and cooling rates. The annealing parameters were 740°C just above A c1 , 860°C close to A c3 , and 920°C beyond A c3 in the austenitic regime at 100 s, 200 s, and 300 s. In a second series, the effect of the cooling rate on the martensite volume fraction was analyzed. Structural, chemical, and texture analyses were carried out by light microscopy, SEM, EDX, and EBSD. A field emission SEM Jeol JSM 6500 F was used operated at an accelerating voltage of 15 kV [24, 25] . The microstructures were analyzed in the SEM by imaging with secondary and backscattered electrons. The secondary electron signal is particularly useful to distinguish proeutectoid ferrite, pearlite, and martensite, as the constituents differ in etching rates and therefore yielded a strong topography contrast. The backscattered electron signal is useful to distinguish recovered and recrystallized pro-eutectoid ferrite, as they differ with respect to in-grain orientation gradients which yielded a strong orientation contrast.
Results
SEM images were taken at the center and surface of transverse sections of the hot band ( Fig. 1) . At the center of the sheets, pro-eutectoid ferrite and pearlite are distributed in bands along the rolling direction whereas at the surface both constituents are heterogeneously distributed. The volume fraction of pearlite was found to be about 40% in the entire sheet. The grain size of pro-eutectoid ferrite was about 5 µm. In the cold rolled bands at the center of the sheets, the ferrite and pearlite band widths decreased with decreasing sheet thickness. Also, the ferrite grains were increasingly flattened in normal direction and elongated in rolling direction with decreasing sheet thickness. Three types of precipitates were identified, which were analyzed by EDX point measurements: (i) Small Mn-rich precipitations, probably cementite. They had a size of 0.3µm. The Mn-rich precipitations were typically located within the ferrite bands ( Fig. 1) at the center of the sheet and between ferrite grains at the surface of the sheet.
(ii) Precipitations with a size of 1µm were found within the pearlite bands ( Fig. 1) at the center of the sheet. (iii) Large precipitations with a size of 5µm were identified in the entire sample. In Fig. 2 an overview is given of the texture inhomogeneity determined by EBSD on a transverse section of the hot band. The EBSD measurement was carried out in a region extending from the center (s=0) to the surface (s=1) of the sheet. The dependence of the texture on the sheet position s is visualized in the Inverse Pole Fig. (IPF) maps, Fig. 2 , where each measurement point is colored corresponding to its IPF value. For a more quantitative analysis, the orientation distribution function (ODF) was calculated in reduced Euler space, Fig. 3 . The hot rolled sheet shows a texture inhomogeneity typical of BCC steels [3, 20, 21] . A maximum plane-strain texture is developed at the center (s=0) and a maximum shear texture close to the surface (s=0.7-0.8) of the sheet [20, 23] . For the hot band, the plane-strain texture at the center of the sheet exhibited a strong α-fiber and a weak γ-fiber. Particularly, the texture component {112}<110> of the α-fiber showed a strong maximum at the center of the sheet, Figs. 2,3 [3,20,21] . Cold rolling had two effects on the textures of the sheets: (i) There was a change in texture inhomogeneity, i.e., an increase of the texture components {001}<110> and {112}<110> (α-fiber), {111}<112> (γ-fiber), and {11 11 8} <4 4 11> (ε-fiber) (Fig.  3) . The shear texture at the sheet surface was rendered more similar to the plane-strain texture at the center. (ii) There was a strong increase of the orientation gradients within the pro-eutectoid ferrite. In Fig. 4 , Image Quality (IQ) maps, Inverse Pole Figure maps, and Kernel Average Misorientation (KAM) maps are shown, which were obtained by detailed EBSD measurements at the center of the sheets. In hot and cold rolled sheets pro-eutectoid ferrite showed a smaller IQ values than pearlite, and therefore, both constituents could be distinguished, Fig. 4 .
Austenitic annealing. In a set of experiments the sheets were first annealed in salt bath at temperatures of 860°C and 920°C for 100-300 s. The hardness increased from 300 HV5 for cold rolled to 430 HV5 at an annealing time of 100 s, Fig. 5 . The hardness decreased to about 400 HV5 after an annealing time of 300 s. Microstructure analysis yielded for all these samples a volume fraction of 100% martensite. Only few ferrite grains were observed after 860° C annealing. At both annealing temperatures, martensite showed an accicular morphology with a constant length of the needles of about 7µm for all annealing times. The microstructure showed no differences at the surface and at the center of the sheets. Small precipitates which were observed in hot and cold rolled sheets were not observed after annealing, whereas large precipitates were still observed. In summary, the results indicate a complete phase transformation for annealing temperatures larger than 860° C. Within a time interval of 100-300 s no significant grain growth was observed, whereas diffusion was significant since precipitations were obviously dissolved. Fig. 3 Main texture fibers. Conductive annealing at constant cooling rate. The effect of quenching after annealing in salt bath was a complete austenitemartensite transformation. For sheets conductively annealed at 920°C and particularly after cooling with a low cooling rate of -15 K/s only partial austenite-martensite transformation occurred. SEM analysis showed a ferrite-martensite microstructure, Fig. 1 . The martensite was heterogeneously distributed at a volume fraction of 50-60%. Martensite and ferrite were no longer arranged in bands at the center of the sheets but the martensite had a needle-like morphology with a needle length of about 3µm. Ferrite grains showed an almost equiaxed shape at a size of about 5µm. EBSD analysis revealed that (i) no through-thickness texture inhomogeneity occurred, i.e. the orientation fibers showed almost no dependence on the sheet position s, Fig. 3 . The fractions of the texture components {001}<110> {112}<110>on the α-fiber significantly dropped compared to the cold rolled sheet [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 20] .
(ii) The orientation gradients within the pro-eutectoid ferrite grains strongly decreased, Fig. 4 . Ferrite showed larger IQ and smaller KAM values than martensite. The equiaxed shape of the pro-eutectoid ferrite grains can be clearly seen in the IPF maps. Finally, the annealed sheets showed smaller KAM values in proeutectoid ferrite compared to rolled sheets. The reason is a drop in dislocation density and orientation gradients during ferrite-austenite transformation. However, the KAM values within the pro-eutectoid ferrite grains were found to increase close to ferrite-martensite interfaces. This can be explained by an increase of dislocation density at this region introduced by a volume increase during austenitemartensite transformation [26] . Conductive annealing at variable cooling rate. The dependence of the martensite volume fraction on the cooling rate was studied on conductively annealed sheets at an annealing temperature of 860°C and cooling rates between -7 K/s and -50 K/s. The martensite volume fraction was found to be about 59% for a cooling rate of -7 K/s and 96% for a cooling rate of -50 K/s, Fig. 6 . Therefore, the martensite volume fraction strongly increased with the cooling rate.
Intercritical annealing. The sheets were annealed in a salt bath, a temperature-time schedule with annealing temperatures between 710°C and 830°C was applied. The hardness in dependence of annealing time was first measured at the surface sheets, Fig. 5 . At an annealing temperature of 725°C, the hardness immediately decreased to a value of about 190 HV5 within the first 50 s and remained constant up to an annealing time of 150 s. The time dependence at the beginning of intercritical annealing is very similar to an annealing at a ferritic temperature of 695°C. Particularly, the hardness minimum is identical with hardness after recrystallization at ferritic temperatures. Therefore, for an annealing temperature of 725°C the results indicate a full recrystallization within the first 50 s. For annealing times larger than 150 s, the hardness continuously increased with annealing time. This indicates an ongoing phase transformation and thereby an increase of the volume fraction of martensite after quenching [4] . At an annealing temperature of 740°C the hardness in dependence of annealing time is similar to annealing at 725°C. However, phase transformation started immediately after recrystallization was completed. For an annealing temperature of 770°C the hardness showed after 30 s a minimum of about 255 HV5, being larger than the hardness minimum found for annealing at 740°C. Therefore, recrystallization was not completed when phase transformation started. Finally, at an annealing temperature of 830°C the hardness already decreased to 230 HV5 after an annealing time of 10 s. Thereafter, the hardness increased to about 460 HV5 after an annealing time of 50 s, which is significantly larger than hardness found in cold rolled sheets and therefore indicates an almost pure martensitic microstructure. In summary, incubation time for phase transformation decreased with increasing annealing temperature and yielded a strong overlap of recrystallization and phase transformation for intercritical annealing temperatures larger than 740°C. The hardness in dependence of the annealing time was also measured at the center of the sheets and showed common features with hardness at the surface of the sheets, Fig. 5 . However, at annealing temperatures of 725°C and 740°C the hardness minimum was found to be about 250 HV5, which is significantly larger than the hardness minimum found at the surface of the sheet and almost identical with the hardness observed after recrystallization at the center of sheets annealed at ferritic temperatures. Therefore, the results indicate partial recrystallization at the center of the sheets at intercritical annealing temperatures smaller than 740°C.
Conductive annealing at low intercritical temperatures.
Conductive annealing was first carried out at an intercritical temperature of 740°C for annealing times of 100-300 s. SEM analysis yielded a ferritemartensite microstructure, Fig. 1 . At the center of the sheets, ferrite and martensite were found to be distributed in bands along the rolling direction whereas at the surface both constituents were heterogeneously distributed. Martensite showed a granular morphology with a size of about 1.5µm, for all annealing times and in the entire sheet. The martensite volume fraction was found to be equal at the center and at the surface of the sheets. Ferrite was found to be almost fully recrystallized at the surface and only partially recrystallized at the center of the sheets. Recrystallized ferrite grains showed an almost equiaxed shape and a size of about 5µm, independent of annealing time and position in the sheet. The volume fraction of recrystallized ferrite did not increase for annealing times of 100-300 s whereas the volume fraction of martensite increased. The results of EBSD analysis can be summarized as follows. (i) Throughthickness texture inhomogeneity showed no clear difference compared to the cold rolled sheet, Fig.  3 . Particularly, at the center of the sheets the orientation fibers showed no change, Fig. 3 . The reason is, that the texture at the center of the sheet was governed by recovered ferrite whereas the volume fraction of recrystallized ferrite is quite small. (ii) The in-grain orientation gradients differed significantly for recovered and recrystallized ferrite (Fig. 4) . Compared to recrystallized ferrite, recovered ferrite and martensite showed small IQ values and large KAM values, and therefore, could be easily distinguished from recrystallized ferrite. The equiaxed shape of the recrystallized ferrite grains can be clearly seen in the IPF maps. Recrystallized ferrite showed a small KAM value since dislocation density and thereby orientation gradients were decreased.
Annealing in salt bath at low intercritical temperatures. Sheets were annealed in salt bath at an intercritical temperature of 740°C for annealing times of 100-300 s. Sheets annealed in salt bath and corresponding conductively annealed ones showed similar microstructures. For both annealing methods common microstructural features were found: (i) The ferrite was almost fully recrystallized at the surface and only partially recrystallized at the center of the sheets. (ii) The volume fraction of recrystallized ferrite did not increase for annealing times of 100-300 s whereas the volume fraction of martensite increased. This result is in agreement with measurements of the hardness in dependence of annealing time, Fig. 5, i. e., phase transformation started after recrystallization was completed. However, a few significant differences were also found for both annealing methods: (i) The volume fraction of recrystallized ferrite at the center of the sheet was found to be by a factor of two larger after annealing in salt bath than after conductive annealing, Figs. 4, 6, which indicates less recovery and thereby a reduction of strain energy as driving force for recrystallization. (ii) The annealed sheets showed after an annealing time of 100 s still some rests of pearlite, which means that 
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Recrystallization and Grain Growth IV pearlite-austenite phase transformation was incomplete. (iii) The volume fraction of martensite was found to be larger at the center than at the surface of the sheets. The correlation between hardness, volume fraction of martensite, and annealing time is shown in Fig. 7 .
Hot-dip coating at high intercritical temperatures.
The hot-dip galvanized sheets differed in two points significantly from annealed samples presented so far. First, we used a larger intercritical annealing temperature of 830° C close to A c3 . Annealing in salt bath at the same temperatures showed that there is a strong overlap of recrystallization and phase transformation, Fig. 5 . Second, after intercritical annealing the sample was annealed at a temperature below the martensite start temperature. The EBSD data showed many similarities with the material that was conductively annealed at 920°C: (i) The through-thickness texture inhomogeneity was clearly reduced, Fig. 3. (ii) Ferrite grains showed only small orientation gradients and thereby small KAM values, Fig. 4 . In summary, industrially hot-dip galvanized sheets showed (i) a morphology and a distribution of its constituents similar to sheets annealed at lower intercritical temperatures and (ii) through-thickness texture inhomogeneity and in-grain orientations gradients similar to sheets annealed at austenitic temperatures. However, they significantly differed with respect to volume fractions of martensite and soft ferrite, i.e., ferrite with small orientation gradients. The volume fraction of martensite was found to be less than 30% whereas the volume fraction of soft ferrite more than 60%. The reason for this difference might be the second annealing step. The hardness was measured and is presented in Fig. 7 . After annealing, hardness was reduced but showed no significant differences at the center and at the surface of the sheet.
Discussion
Hot and cold rolling. In hot rolled sheets, ferrite and pearlite showed a band structure at the center and a heterogeneous distribution at the surface of the sheet with smaller ferrite grain sizes. Texture analysis yielded a maximum plane-strain texture at the center (s=0) and a maximum shear texture close to the surface (s=0.9) of the sheet, Figs. 2,3 . The texture showed orientation fibers that are typical of steels with BCC crystal structures. Particularly, a strong α-fiber and a weak γ-fiber were found at the center of the sheet, whereas at the surface the ξ-fiber and the texture component {112}<111> of the ε-fiber were dominant. The through-thickness texture inhomogeneity found in this material is similar to corrosion-resistant ferritic stainless and Fe-Si transformer steels [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [20] [21] [22] [23] . However, at the surface these other BCC steels differ with respect to important texture components of the ξ -fiber, i.e., at the surface the texture component {011}<111> was found to be more dominant for dual-phase steels than the Goss component {011}<100>. Cold rolling yielded a reduction of ferrite and pearlite band widths and a more pancake-type morphology of pro-eutectoid ferrite grains. In pro-eutectoid ferrite grains orientation gradients increased, which is related to an increase of dislocation density. The through-thickness texture inhomogeneity was also reduced in these sheets. Particularly, after cold rolling a plane-strain texture was also found at the surface of the sheet. Hardness increased after cold rolling, which can be explained by an increase of dislocation density.
Annealing. The annealing treatment was governed by recovery, recrystallization, phase transformation, and diffusion [3, [26] [27] [28] . Recovery was observed in terms to a slight reduction of hardness at the beginning of annealing at ferritic temperatures, Fig. 5 . Recrystallization was observed in terms of (i) a strong drop in hardness obtained by annealing at ferritic temperatures and at low intercritical annealing up to 740°C and (ii) the observation of new equiaxed ferrite grains with small orientation gradients, Fig. 4 . Phase transformation at intercritical and austenitic temperatures was observed in terms of (i) an increase of hardness after a sufficiently long annealing time, (ii) formation of martensite, and (iii) new equiaxed ferrite grains with small orientation gradients. Finally, diffusion was the reason for the dissolution of small precipitates at austenitic temperatures. Recrystallization was most pronounced at ferritic and low intercritical temperatures up to 740°C, whereas at higher annealing temperatures recrystallization was superseded by phase transformation [26] . Recrystalliza-tion yielded no change on the distribution of the constituents, i.e., the band structure at the center and the heterogeneous distribution of the constituents at the surface of the sheets were preserved. The through-thickness texture inhomogeneity was also not effected at low intercritical annealing temperatures Fig. 3 . Phase transformation was found to be dominant at annealing temperatures larger than 740°C and yielded a dramatic effect on microstructure and therefore on mechanical properties. The ferrite-martensite band structure at the center of the sheet was found to be less pronounced after annealing at high intercritical temperatures and was completely lost at austenitic annealing temperatures. Also, through-thickness texture inhomogeneity was eliminated. In summary, annealing at high temperatures yielded a homogeneous microstructure in the entire sheet.
Competition between recovery, recrystallization, and phase transformation. In this part of the paper the competition between recovery, recrystallization, and phase transformation will be discussed in terms of driving forces and the manipulation of the balance of the constituents via the annealing parameters, i.e., annealing temperature, annealing time, heating rate, and cooling rate. Recovery and recrystallization were found to be dominant for annealing at ferritic temperatures and at low intercritical temperatures up to 740°C. The results showed several characteristic features which need to be explained. (i) The recrystallization time decreased with increasing annealing temperature, Fig. 5 , which confirms a thermally activated process and is usually explained by the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model for recrystallization [26] .
(ii) Incubation and recrystallization times were smaller at the surface than at the center of the sheets, Fig. 5 . The difference might be explained by several factors. (a) It is well known, that a reduction of dislocation density and thereby a reduction of strain energy within the ferrite grains is the most important driving force for both processes, recovery and recrystallization. In hot and cold rolled sheets, dislocation densities usually are larger at the surface than at the center of the sheets due to higher grain deformation introduced by additional shear, Figs. 2,3. (b) Recrystallization is inhibited in case of strong α-fiber texture components {001}<110> and {112}<110> [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These texture components were particularly observed at the center of cold rolled sheets, and therefore, yielded a slower recrystallization in these regions, Fig. 3 [29, 30] . (c) The spatial distribution of the constituents could also be of great importance. The band structure at the center of the sheets might yield growth conditions like in thin films. Due to a period of about 6-10µm, growth of newly formed recrystallized grains is essentially restricted to two dimensions. Also, the driving force for grain growth is diminished since grains are curved in only one rather than in two dimension and since grain boundary might suffer pinning at the interfaces between constituents. Actually, at the center of sheets annealed at 740°C, ferrite grains were found to be slightly smaller than at the surface and showed a more pronounced pancake-type morphology. (d) Finally, the Mn-rich precipitates found in hot and cold rolled sheets might yield pinning effects. However, these precipitates were homogeneously distributed in the entire sheets, and therefore, cannot account for differences in recrystallization times. At annealing temperatures of 740°C, (iii) full recrystallization occurred at the surface and partial recrystallization at the center of the sheets and (iv) the volume fraction of recrystallized ferrite at the center of the sheets was larger after annealing in salt bath than after conductive annealing, Figs. 4,6. These last two observations are closely related to the factors which determine the incubation and recrystallization times. In general, annealing in salt bath should yield a larger volume fraction of recrystallized ferrite since at higher heating rates time for recovery is reduced.
Recrystallization versus phase transformation. Phase transformation was found to occur at temperatures above 710°C and pure austenitic annealing at temperatures larger than 860°C. Similar as for recrystallization, a number of characteristic features shall be discussed on a more microscopic level. The coupling between recrystallization and phase transformation is of special interest in DP steels [26] . In that context the following observations have to be considered: (i) The incubation time for phase transformation decreased with increasing annealing temperature, Fig. 5 . At austenitic temperatures, new equiaxed ferrite grains were formed with low orientation gradients and different texture, Fig. 3,4 . Phase transformation is also a thermally activated process and can be described in terms of nucleation and growth. (ii) At low intercritical annealing temperatures of 740°C ferrite and martensite showed the same spatial distribution as ferrite and pearlite in the cold rolled sheet, Fig. 1 . Therefore, pearlite is affected by phase transformation before ferrite. However, at high intercritical annealing temperatures of 830°C the ferrite-martensite band structure at the center of the sheets showed a weaker closeness. Finally, at austenitic annealing temperatures ferrite and martensite were found to be heterogeneously distributed in the entire sample. (iii) The martensite volume fraction increased with annealing time unless phase transformation was completed. Particularly, at low intercritical annealing temperatures annealing time has to be chosen large enough to ensure a complete phase transformation of pearlite. (iv) The martensite volume fraction increased with increasing cooling rate, Fig. 6 . (v) The hardness after recrystallization at ferritic temperatures and the hardness minimum for annealing at low intercritical temperatures up to 740°C were found to be equal. With increasing intercritical annealing temperatures the hardness minimum occurred after shorter annealing times and increased in magnitude. In summary, there is an overlap of recrystallization and phase transformation only at intercritical annealing temperatures larger than 740°C. (vi) In sheets intercritically annealed in a salt bath at 740°C, the volume fraction of martensite was larger and the volume fraction of recrystallized ferrite was smaller at the center than at the surface of the sheets. At low intercritical annealing temperatures recrystallization and phase transformation were separated in time. This offers a unique chance to study both processes separately. Also at low intercritical annealing temperatures, the results indicated an interdependence of recrystallization and phase transformation, a reduction of strain energy being a common driving force. Strain was already recognized as important driving force with respect to the deformation induced ferrite transformation (DIFT) effect in low carbon steels, where deformation of austenite promotes austenite to ferrite transformation. The theory of the DIFT effect might be easily adopted to dual-phase steels, i.e., cold rolled ferrite might promote ferrite to austenite transformation whereas recrystallization yields a diminishing effect.
